This paper presents a spacecraft relative navigation scheme based on a tracking technique. The augmented state estimation technique is a variable-dimension filtering
The input estimation approach for tracking a maneuvering target is proposed by Chan, et al. [4] . In this approach, the magnitude of the acceleration is identified by the least-squares estimation when a maneuver is detected. The estimated acceleration is then used in conjunction with a standard Kalman filter to compensate the state estimate of the target. The standard filter alone is used during periods when no maneuver takes place. The variable-dimension filtering approach is proposed by Bar-Shalom, et al. [2, 5] . In this approach, the state model for the target is changed M 6 by introducing extra state components, the target's accelerations. The maneuver, modeled as an acceleration, is estimated recursively along with other states associated with position and velocity while a target maneuvers. Bogler, et al. [3] used this method as an implementation on high maneuver target tracking with maneuver detection.
The input estimation filter and the variable-dimension filter are commonly used in view of their computational efficiency and tracking performance. Among IE techniques, the Augmented State estimation approach yields reasonable performance without constant acceleration or small sampling time assumptions. Furthermore, it not only provides fast initial convergence rate, but it can also track a maneuvering target with fairly good accuracy as mentioned by Khaloozadeh and Karsaz [7] . Bahari, et al. [9, 12] proposed an intelligent error covariance matrix resetting, by a fuzzy logic, necessary for high maneuvering target tracking, to improve the estimation of the target state.
In space applications, particularly in the spacecraft relative navigation for the autonomous rendezvous and assembly, each vehicle is both the target and the chaser for the other satellite/s. Here an additional challenge is considered: the frequent loss of communications for the data exchange when the application involves more than one spacecraft. If the data communication is not the way spacecraft to perform the relative navigation, a vision based system may be used. These types of sensors require the image processing and may result in low frequency measurement updates, especially for small spacecraft with limited computation capabilities. Such sensors suffer of problems such as limitations on the field of view and/or other spacecraft obstructing the view. Furthermore, in the spacecraft relative maneuvering, each vehicle does not usually know the other vehicles inputs, i.e. it does not possess the information about the maneuvers performed by its fellow spacecraft. This missing information needs to be reconstructed in the estimation scheme that would otherwise diverge quickly.
We here focus on the utilization of low frequency update and low cost sensors, such as Commercial Off-TheShelve (COTS) devices. In particular, the spacecraft are envisioned to have the availability of range measurements and relative attitude measurements.
This work presents the design of a spacecraft relative navigation system based on the augmented state estimation technique. Robustness to frequent signal loss and/or darkening of the sensors is achieved. Furthermore, the suggested approach reconstructs the information of the other vehicles' maneuvers.
The planar three-degree-of-freedom relative estimation approach is developed, and tested via hardware-in-theloop experimentation. The four spacecraft simulators of the Spacecraft Robotics Laboratory at the Naval Postgraduate School are used for the experimental testing.
For the experimental part of this work, two dynamics models for the filter are here considered: 1) the classical Kalman filtering technique, [13] , in which the unknown input (the maneuver command) is modeled as a random process, and 2) the augmented state estimation technique, where the maneuver is estimated, using a Kalman filter scheme [13] , in real time, as an additional variable in an augmented state vector.
Between the two approaches, the second one proves to be the most successful. It yields satisfactory performances without constant accelerations or small sampling time assumptions. Furthermore, it does not only provide fast initial convergence rate, but it can also track a maneuvering target with a good accuracy under casually loss of the data link and slow data rate, allowing the spacecraft to perform critical maneuvers such as the docking and the multi-vehicle assembly.
The successful results of the preliminary study here presented, pave the way for further implementation of the augmented state vector approach for the full six degrees of freedom spacecraft relative motion.
The paper is organized as follows. Section II presents the equations of the six-degree-of-freedom motion for the spacecraft relative maneuvering. Section III presents the equations of the motion for the spacecraft simulators (three degrees of freedom), and the augmented estimation approach for the planar case. Section IV is dedicated to the experimental validation of the proposed approach, and also shows a failed assembly maneuver, when the classical Kalman filtering navigation method is used. Section V concludes the paper.
II. S/C Relative Motion Dynamics and Problem Statement
In this section we provide the dynamics of spacecraft relative motion in the generic full six degrees of freedom case. In the end of the section the restriction of the state vector for the planar case is introduced.
The spacecraft relative motion in full six degrees of freedom encompasses both the relative translation and rotation. The dynamics of such motion can be represented in the compact form as: 
We are referring to a Local Vertical Local Horizontal (LVLH) reference frame that rotates with the orbital angular velocity orbC ω . The origin of LVLH moves on a virtual orbit, conveniently chosen to remain in the vicinity of the maneuvering spacecraft. This point can also be chosen as coincident with one of the spacecraft .The x -axis points from the center of the Earth to the center of LVLH, while the y-axis is in the orbital plane in the direction of the motion along the orbit and perpendicular to the x-axis. The z-axis completes the right-handed LVLH frame.
The linearized J2 model for the satellite formation flight equations, proposed by Schweighart, S. A., and Sedgwick, J. R. in [6] , that include the J2 perturbation, is used in this work for representing the relative dynamics, 
The equations of the relative quaternion kinematics are ( ) 
The goal of this work is to preliminarily provide a robust estimation scheme for the relative navigation of n spacecraft (with 2 n > ), in the planar, three degrees of freedom case. The limitation to the three-degree-of-freedom case addresses the orbital in-plane motion, when attitude is maneuvered only along the cross-track direction. In particular each j-th S/C of the system should be able to estimate, at a minimum, the following state vector:
Natural extension of this preliminary work will be the implementation of the augmented state vector estimation approach to the full six degrees of freedom case.
III. The Augmented State Estimation Method for a 3DOF Laboratory Experimentation
In this section, the theory for the NPS's three-degree-of-freedom S/C simulators is presented. The limitations to three degrees of freedom (two for the planar translation, and one for the rotation about the vertical axis) addresses the case of relative maneuvering when the cross-track motion is not considered and the attitude is constrained to one axis. The relative dynamics is here chosen as a double integrator for the center of masses relative motion and for the orientation about the vertical axis, representing the reality of the NPS spacecraft simulators.
The acceleration is treated as an additional term in the corresponding state equation, so that the model will provide an augmentation in the state space, with the relative acceleration to be part of the estimation.
Assuming separate control for the attitude and the position allows for considering uncoupled dynamics, so that we can proceed as follows. We assume the target moving in a plane and that the state vector can be written as,
The discrete dynamics for the problem is the following.
The expressions of the matrices: G , H , 
The augmented dynamics and related state equation matrices can be written as, 
The same algorithm is implemented for target's attitude and control torque estimation. Assuming the target rotating only around the vertical axis (z-axis), the i-th Target attitude state vector, with respect to the j-th Chaser spacecraft, is chosen to be,
The discrete dynamics for the attitude problem is
and the principal dynamics matrices, as function of the time sampling S T , are ( 
The formulation of the augmented state dynamics can be written as, Once the simulators are assembled in couples, they maneuver as a single bigger unit, as described in [11] . In particular, the augmented state estimation is re-initialized in order to switch to a new target vehicle in terms of relative navigation.
V. Conclusion
In this work we are suggesting the employment of the augmented state estimation technique as the scheme for multiple spacecraft relative navigation. Theoretical developments are presented for the three-degree-of-freedom case, considering a planar motion for the relative position and a single axis of rotation for the laboratory implementation.
The experimental validation of the proposed methodology is presented, via floating spacecraft simulators, using an assembly maneuver as baseline. Experiments show how the augmented state estimation can cope with low frequency measurement updates, correctly performing the relative navigation, driving the mission to success. On the other hand, Classical Kalman Estimation [13] , is not accurate for close distances with low frequency measurement updates as demonstrated in the three-degree-of-freedom experimental section.
Following work will include extension of the proposed methodology to the six degrees of freedom full motion.
